The use of mass spectrometry/negative chemical ionization (MS/NCI), in combination with selectedion monitoring, allows sensitive and selective determination of polar and thermally unstable herbicide residues by liquid chromatography coupled to a particle beam interface. The method has been applied to the analysis of soil samples for herbicide residues, using various procedures for their extraction and employing matrix-standard calibration to avoid quantitative errors due to transfer of matter through the interface. Data for the fragment ions found in the MS/NCI procedure and chromatograms from analyses of real samples are also presented.
T he particle beam (PB) interface is widely known because of its ability to give electron impact (EI) mass spectra compatibility with commercial spectrum libraries, but it has been rarely used. It has been replaced by the modern techniques of atmospheric pressure ionization (API) that provide lower detection limits.
Thus, sulfonylurea, triazine, carbamate, and phenylurea herbicides, among others, have been determined by using thermospray (TSP) (1-3) and API (4) (5) (6) (7) (8) interfaces; nevertheless, some methods that use a PB interface have also been published (9) (10) (11) (12) , although they are limited to the determination of a small number of compounds by EI.
The problems due to the use of a PB interface, high detection limits and matrix effects arising from the presence of "carriers" that increase analyte transport through the interface (13, 14) were avoided by monitoring the specific ions generated with negative chemical ionization (NCI) and by using a matrix-standard calibration.
To show the possibilities of the PB interface in the NCI mode, herbicides, with different chemical properties, in soil extracts were determined simultaneously. Data for the fragment ions generated in the NCI mode are presented in this paper, and the detection limits achieved in the EI and NCI modes are also compared.
The acidic herbicides are extracted with an alkaline solution and concentrated on an octadecylsilane (ODS) cartridge (15, 16) ; solvent extraction with several solvents (17) (18) (19) is used for the assay of nonacidic herbicides.
Experimental

Apparatus and Reagents
(a) Solvents.-Residue analysis-grade methanol, ethyl acetate, and acetone were from Scharlau (Barcelona, Spain). Liquid chromatography(LC)-grade acetonitrile was from Lab-scan (Dublin, Ireland).
(b) Reference standards.-Asulam, metoxuron, bromacil, thiazafluron, chlorsulfuron, chlorotoluron, isoproturon, tribenuron-methyl, ioxynil, linuron, isoxaben, dicamba, bentazone, 2,4-D, MCPA, mecoprop, fenoprop, and diclofop were from Promochem (Wesel, Germany).
(c) Reagents.-Sodium hydroxide, acetic acid, and hydrochloric acid were from Scharlau. Ultrapure water was obtained from a Milli-Q system (Millipore, Milford, MA).
(d) Stock solutions.-Stock solutions (1000 mg/L) were prepared in acetone and stored at 4°C in the dark; stock solutions were discarded after 2 weeks. Working solutions were prepared daily from the stock solutions by dilution with the appropriate solvent.
(e) Gases.-Helium (99.999% minimum purity) and methane (99.995% minimum purity) were from Carburos Metálicos (Madrid, Spain). (k) Mass spectrometry (MS) system.-A Hewlett-Packard Model 5989A Engine mass spectrometer equipped with a PB interface. The operating parameters of the interface were as follows: desolvation chamber temperature, 55°C; helium pressure, 345 Kpa; and nebulizer capillary tube, slightly visible. The ion source and quadrupole temperatures of the mass spectrometer were 250 o and 100°C, respectively. NCI was used with methane as the reagent gas. Electron multiplier voltage was always 600 voltage units above autotune. A dwell time of 20 ms was used to monitor each fragment ion.
The operating parameters of the interface and spectrometer used for this work were selected to facilitate the multiresidue analysis. Their values were determined mainly by the high water content in the mobile phase at the start of the gradient.
Soil Fortification
The fortification procedure was the same for both types of herbicides, acidic and nonacidic. A 50 g portion of dry, sieved soil was mixed with 10 mL of an acetone solution containing a known concentration of the herbicides. Spiked samples were homogenized by mechanical stirring for 24 h. Then the soil slurry was spread on a metallic plate and left to dry for about 18 h at room temperature in the dark.
The soil used in the experiments was a type representative of the region of Castile and Leon that contained 33% clay, 10% silt, 57% sand, and 0.8% organic matter. The soil was free of the pesticides studied, as was shown by applying the developed method.
Extraction of Nonacidic Herbicides
Methanol, acetone, and ethyl acetate were used for the extraction. A 10 g portion of soil in a screw-cap glass tube was extracted with 50 mL methanol by mechanical shaking for 40 min. The mixture was centrifuged at 4500 × g for 10 min to separate the 2 phases. The liquid phase was collected and the solid residue was extracted twice, i.e., with acetone and then with ethyl acetate, by repeating the procedure. The 3 liquid extracts were pooled and evaporated to dryness under a gentle nitrogen stream at 30°C. The residue was dissolved in 2 mL acetone and filtered through a PTFE filter for subsequent analysis.
Extraction of Acidic Herbicides
A 10 g portion of soil in a screw-cap glass tube was extracted with 75 mL 0.5M NaOH by mechanical shaking for 60 min. The aqueous phase was separated by centrifugation at 4500 × g for 10 min and collected. The soil sample was extracted again with 75 mL 0.5M NaOH. The 2 liquid phases were combined and acidified with 0.5M HCl to pH 2.
An SPE cartridge was rinsed successively with 15 mL methanol and 10 mL water at pH 2. The aqueous extract was passed through the cartridge at about 5 mL/min by using a suction system. The cartridge was dried with a nitrogen stream for 30 min and eluted by gravity with 2 mL acetone containing 0.01% acetic acid after a soaking time of 4 min. The eluate was ready for injection into the LC system.
Results and Discussion
Chromatographic Analysis
The retention times and the molecular and fragment ions formed in the EI and NCI analyses and their relative abundances are shown in Table 1 for both types of herbicides. The fragment ions selected were monitored simultaneously throughout the chromatogram. The most abundant ion was used to quantify the peak area, whereas 2 others were used as qualifiers of compound identity.
Chromatograms of standard mixtures and extracts are shown in Figure 1 . Greater peak widths were obtained for the phenoxyacid herbicides under the operating conditions used. Consequently, the resolution between the 2,4-D and MCPA peaks was 0.81, which is lower than the 0.98 resolution obtained for the peaks of the nonacidic herbicides bromacil and thiazafluron. Both pairs of herbicides had the same difference between their retention times, 0.5 min.
A signal-to-noise ratio of 3 was used to estimate the detection limits. A 20 µL volume of herbicide standards at dif- Table 1 for peak identification. ferent concentrations was added to 2 mL blank soil extract. For the nonacidic herbicides, a soil extract obtained with ethyl acetate was used. The detection limits for the developed method were between 0.001 and 0.01 mg/kg for the nonacidic herbicides, and between 0.005 and 0.03 mg/kg for the acidic herbicides, both calculated for the NCI mode. For the EI mode, the limits ranged from 0.04 to 0.2 mg/kg for the nonacidic herbicides, and from 0.1 to 0.3 mg/kg for the acidic herbicides. Thus, the detection limits obtained for the EI mode were, on average, about 40 times higher than those obtained for the NCI mode. Figure 2 shows chromatograms from extracts of soils spiked with herbicides at concentrations close to the detection limits.
It is important to point out that these detection limits allowed us to affirm the presence of herbicide residues but not to confirm their identities on the basis of the relative abundance of the qualifier ions. As a general rule, the concentration that allowed confirmation of herbicide identity was nearly 6 times higher than the detection limit.
The detection limits calculated for PB/NCI in the SIM mode in the analysis for nonacidic herbicides are of the same approximate order as the detection limits reported for other LC-MS interfaces, such as TSP and API when operated in the positive chemical ionization (PCI) mode. However, the PB interface gives worse results for the determination of acidic herbicides in comparison with those given by the most modern interfaces (6, 7, 13) . The detection limits obtained in this work with PB/NCI/SIM for acidic herbicides are similar to those cited elsewhere (20) . The detection limits achieved by the PB interface are as good as those obtained by the classical detectors used in LC (21) .
The standard solutions used for the calibration graphs were prepared from soil extracts (2 mL) to which the herbicide standards, dissolved in the same solvent as the soil extract, were added. Thus, possible anomalous high recoveries caused by "carriers" that could exist in the extracts were avoided. In the NCI mode, a linear graph was obtained for concentrations ranging from 0.25 to 10 mg/L (or from 0.05 to 2 mg/kg) for all compounds. The correlation coefficients (r 2 ) were always Ն0.985.
The lowest concentration that produced a correlation coefficient of Ն0.98 in the linear fitting of the calibration graph Table 1 for peak identification.
and extended upward to a concentration of 2 mg/kg was chosen as the criterion to establish the determination limits of the compounds. As a consequence, the determination limits were about 0.05 mg/kg for the acidic herbicides and 0.02 mg/kg for the nonacidic herbicides.
Herbicide Determination
The recoveries and precision obtained for the determination of nonacidic herbicides in soil samples spiked with each herbicide at 0.5 mg/kg are shown in Table 2 . The recoveries were slightly higher, and close to 90%, when ethyl acetate was used for extraction instead of acetone; methanol provided the worst recoveries. In all cases, recoveries were >70%, except those for chlorsulfuron and tribenuron-methyl; the lower recoveries of these 2 sulfonylurea herbicides were attributed to their quick degradation during sample preparation, as reported previously (22) . Our results confirm that ethyl acetate is a good solvent for the extraction of pesticides, and herbicides in particular, without notable acidic or basic properties; high recoveries obtained with ethyl acetate for the determination of other pesticides in soil have already been reported in the scientific literature (19, 23) . Furthermore, methanol has also been considered the worst option (24) .
The precision or relative standard deviation (RSD) of the method ranged between 4 and 13% (n = 5) depending on the compounds determined, and it does not seem to be influenced by the solvent used.
A chromatogram obtained for a soil sample (different from that used to verify the method) extracted with ethyl acetate and analyzed by NCI with SIM is shown in Figure 3 . A continuously decreasing baseline is always obtained until a retention time of nearly 2 min is reached in the chromatogram. Table 2 also shows the recoveries and precision obtained for the determination of acidic herbicides in soil (spiked with each at 0.5 mg/kg) after extraction with NaOH and further cleanup on an ODS SPE cartridge. The recoveries ranged from 79% for diclofop to 92% for fenoprop, with RSDs between 6 and 8%. These data are similar to those published for the determination of phenoxyacid herbicides after extraction with water at alkaline pH (25) . Figure 4 shows a chromato- gram for another soil sample extract obtained by the procedure for acidic herbicides and injected into the LC/PB/NCI/ SIM system.
Conclusions
The use of NCI with SIM makes possible the routine use of a PB interface coupled to a mass spectrometer for determination of residues of polar and thermally unstable herbicides by LC. The linearity of the calibration graphs, the precision of the overall procedure, the determination limits, and the detection limits, at the µg/kg level, demonstrate the suitability of the developed method for the reliable determination of herbicides. The selectivity of the detection system can simplify sample preparation, although the lack of cleanup could cause a buildup of coextracted matrix compounds through the interface and in the chamber of the ion source, which would reduce sensitivity. 
